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Laboratory Measurement of the Corrosion of Ferrous 

Metals in Soils 

W. J. Schwerdtfeger 

A method is described for setting up soil-corrosion cells usinp; a soil-wettino; procedure 
that gives reproducil)le results, hy nu^asuring the weight losses on cell electrodes made of 
steel and of cast iron after exposure to various soils for 6 months, it was ])ossil)le to compare 
the effects of corrosion on the two materials. It w^as also found that the electrode w^eight 
losses correlated with the weight losses and maximum pitting on wrought ferrous specimens 
exposed for 10 years at the field test sites. Because the laboratory soils covered the range of 
corrosivity peculiar to soils, it was possible to derive empirical equations for predicting 
weight loss and pitting at the end of 10 years for presumably any soil. It is also shown how 
reasonal)le adjustments can be made for areas other than that of the field specimens and for 
exposure periods other than lO^years. 



1. Introduction 

A review of the field corrosion data obtained by 
the National Bureau of Standards invariably results 
in the conclusion tliat no single soil property is a good 
measure of its corrosivity toward iron or steel. 
Because the normal corrosion of iron and steel uncler- 
jground is an electrolytic phenomenon, several accel- 
erated laboratory and field tests based on electrical 
measurements have been devised that purport to 
measure the corrosivity of soils. Ewing [1]^ has 
pointed out that the majority of such tests in effect 
really measures soil resistivity. Wliereas measure- 
ments of soil resistivity made along a pipe line might 
correlate very well with the evidence of corrosion on 
the surface of that particular pipe, it is also true that 
[there is no general correlation between the corrosion 
pi ferrous metal exposed to different soils and the 
Boil resistivity. 

Denison [2, 3] described a laboratory corrosion 
cell in which an electromotive force was developed 
by differential-aeration between two steel electrodes 
separated by soil as the electrolyte. The maximum 
current measured between the electrodes over a 2- 
week period was used as an index of soil corrosivity. 
A fair correlation was obtained between laboratory 
and field data except for the soils of relatively high 
Resistivity. In such soils, because of local action, the 
toode weight losses were more significant than the 
bell currents as an index of soil corrosivity. 
j Logan, Ewing, and Denison [4] have shown by 
field exposure tests that the corrosion rate of iron and 
Bteel in soils varies from an almost constant rate with 
time in some soils to virtual cessation within a few 
years in other soils. Such information is of great 
value to those concerned with underground construc- 
uon. The time required to conduct such tests in the 
field, however, is long, and the required information 
pannot be obtained, in many cases, when it is most 
aeeded. A suitable laboratory test using the soil in 
?{uestion and operating over a sufficiently long period 
ko reflect any change in the rate of corrosion of iron 
md steel with time is most desirable. The data from 
such a test should be correlated with known field- 
ixposure data so that the results can be correctly 
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interpreted. The extensive field exposure tests of the 
National Bureau of Standards provide a considerable 
volume of data that can be used for this purpose. 

The corrosion cell used for this investigation is a 
modification of the cell described by Denison. It 
lends itself to better reproducibility than the oiiginal 
cell and will remain operative for a longer period of 
time. Although electrical measurements can be 
made that account for all weight loss of steel exposed 
to soils [5], weight loss is used as the corrosion index, 
because electrical measurements would have to be 
made frequently to account for the change in cor- 
rosion rate with time. 

2. Experimental Methods 
2. 1. Description of the Corrosion Cell 

The corrosion cell and all of its components are 
shown in figure 1. The cell consists essentially of a 
weighed iron or steel anode, A, and a weighed 
perforated cathode, B, made of the same material, 
both provided with electrical connections and 
separated by soil of a definite moisture content. The 
soil is contained in two Lucite cylinders, C. Other 
parts of the cell that serve to hold the soil in place 
and thus insure good contact with the electrodes are 
two stainless-steel screens, D and E, the rubber 
stopper, H, and the rubber band, G. The com- 
ponents are joined with asphalt, F, which also serves 
as a sealer. Aeration of the cathode is accomplished 
by adjusting the moisture content of the soil, and 
access of air to the anode is restricted by mechanically 
working the layer of soil in contact with it, which 
results in a difference of potential between the 
electrodes. Details concerning the preparation of 
the cell are given in the appendix. 

2.2. Use of the Corrosion Cell 

The behavior of the corrosion cells in reflecting 
the effect of time on corrosion of iron or steel is 
iflustrated by figure 2. The cell currents were 
measured with a zero-resistance milliammeter with- 
out permitting the cells to be on open circuit. The 
currents for each soil are the average values for four 
cells. It will be noted from the table in the figure 
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Figure 1. Soil-corrosion cell. 
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Figure 2. Effect of exposure time on the corrosion of steel in 

soils. 
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Eesis- 
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tivity 
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cell elec- 
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trodes 2 








Ohm-cm 


ma 






Q 


64 


62 


0.280 


2.53 


Most. 


^ 


62 


6922 


.030 


1.05 


Intermediate. 


26 


2980 


.035 


0.56 


Least. 



1 Calculated from the area under a line through the points. 

2 Combined weight loss of the anode and cathode exposed for 180 days, in ounces 
per square foot. 

3 Order shown by the field-exposure tests. 



that the electrode weight losses indicate the actual 
order of corrosivity of the soils, whereas the average 
cell currents in soils 62 and 26 are in reverse order 
because of the soil resistivities. However, based on 
field data of Denison and Romanoff [6] the curves do 
reflect the effect of time on the rate of corrosion of 
ferrous materials in the three soils. The field data 
reveal a fairly constant rate of corrosion of wrought 
materials exposed to soils 64 and 62 over a period of 
14 years and a stifling effect in well-aerated soils 
similar to soil 26. It will be noted, figure 2, that in 
soil 26 the cell current gradually decreases, whereas 
in soils 64 and 62 after the initial decrease the 
currents are relatively steady. 

As a result of this and other experiments, 6 months 
was chosen as the minimum time required for 
measuring soil corrosion. Although the laboratory 
results are based on the w^eight lost by the cell 
electrodes, the cell current serves to reveal the 
quality of a cell. If a diverse cell, indicated by 
incorrect polarity or relatively low current, exists in 
a particular soil group 2 weeks after assembly time, 
that cell should be replaced. Six months after 
assembly the corrosion cells are taken apart and the 
electrodes cleaned by methods [7] already described. 
The average combined loss of metal on the anodes 
and cathodes for the four cells is used as the corrosion 
index. 

3. Comparison of the Corrosion of Steel and 
Cast Iron 

3.1. Weight Loss in the Laboratory Tests 

Although the laboratory corrosion test w^as planned 
primarily to show the relative effects of various soils 
on ferrous materials, to be shown later, the sensitivity 
of the test can be better evaluated if it is possible 
to detect differences in the corrodibility of commonly 
used plain ferrous materials when exposed to a given 
soil environment. To that end, corrosion cells were 
assembled with both steel and cast-iron electrodes, 



Table 1. Properties of the 



Soil 


PH 


Resis- 
tivity 

at 
60 °F 


Aera- 
tion b 


No. a 


Type 


Location of site 


4 
5 
8 
15 
25 

26 
32 
41 
43 
55 

56 
61 
62 
64 
65 


Chester loam 


Jenkintown, Pa 

Oakland, Calif 

Fargo, N. Dale 

San Antonio, Tex 

Milwaukee, Wis 

Springfield, Ohio 

Rochester, N. Y 

Kansas City, Mo 

Elizabeth, N. J 

Lock Raven, Md 

El Vista, Tex 

New Orleans, La 

Meridian, Miss 

Cholame, Calif 

Wilmington, Calif 


5.6 
7.0 
7.6 
7.5 
7.2 

7.3 
7.3 

5.5 
3.1 

5.8 

7.1 
5.9 
4.1 
8.3 
7.2 


Ohm- 
cm 
6,670 
1, 346 
350 
489 
1,780 

2,980 
5,700 
1,320 
60 
5,213 

406 
943 
6,922 
62 
148 


G 
P 
P 
P 
F 

o 

G 
F 

VP 
G 

VP 
P 
F 
F 
F 


Dublin clay adobe 

Fargo clay loam 

Houston black clay. . . 
Miami clay loam 

Miami silt loam 

Ontario loam . . _ 


Summit silt loam 

Tidal marsh 


Hagerstown loam 

Lake Charles clay 

Sharkey clav 


Susquehanna clay 

Docasclay.- 


Chino silt loam 



a Soil number also refers to site ntmiber as specified in the NBS soil- corrosiou 



studies, 
b Aeration of soils: G, good; F, fair; P, poor; VP, very poor. 
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Table 2. Comparison of the corrodibility of steel and cast iron in the laboratory 



Loss in weight of cell electrodes in 6 months* 


Soil 


Steelb 


Cast iron" 


Difference 

between the 

means, w\—W2 


Standard** 
error of the 
difference, 


Value e 
o(t 


Probability of 

difference due 

to chance 


Number 
of cells 


Mean wi 


Standard 
error, (t„j 


Number 
of cells 


Mean W2 


Standard 
error, <rw^ 


4 


4 
8 
4 
4 
4 

4 
4 
4 
4 
4 


ozlft^ 
0.61 
1.97 
0.89 
.20 
.56 

.37 
1.36 
2.17 
1.05 
2.53 


oz/m 

0. 0()5 
.14 
.045 
.021 
.049 

.040 
.18 
.072 
.098 
.20 


4 

7 
6 
4 
4 

t 

4 
4 
4 


ozlft^ 
0.85 
1.82 
1.46 
0.46 
.65 

.53 
3.40 
2.33 
1.79 
3.84 


ozm 

0. 028 
.25 
.13 
.056 
.037 

.032 

.16 

.11 

.081 

.20 


ozlft^ 
-0.24 
+.15 
-.57 
-.26 
-.09 

-.10 
-2.04 
-0.16 

-.74 
-1.31 


oz/fn 

0. 071 
.29 
.14 
. 0()0 
.061 

.051 
.24 
.13 
.13 
.028 


3.4 
0.5 
4.1 
4.3 
1.5 

3.1 

8.5 
1.2 
5.7 
4.7 


Percent 
<2 

60 
<1 
<1 

18 

<2 
<1 
30 
<1 
<1 


5 


8 


25 . _. 


26 


32 

43 

56 


62 

64 _ . 





a Combined loss in wcidit of the anode and cathode. Area exposed. anode=2.4 in. 2 (15.5 cm2), cathode=3.3 in. 2 (21.3 cm. 2) 

b Composition of steel, in pcicont: 0.23 C, 0.58 Mn, 0.008 P, 0.025 S, 0.095 Si, 0.077 Cu. 

« Composition of east lion in percent: 3.42 C (total), 2.59 C (free), 0.83 C (combined), 1.53 Si, 0.72 P, 0.68 Mn, 0.082 S, 0.05 As. 



<* <r(.,-..2) = V(<^'^i)H(<^«.2)^ ^^^^ ^^^^) 



«f = (See text) 



Dable 3. Comparison of steel and cast iron after 12 years of field exposure 

Loss in weight of field specimens 





Steel 


Cast Iron 


DilTereneo 

between the 

means, A"i-A'2 


Standard error 
of the differ- 
ence, a;f^_;^-. 


Value of; 


Probability of 


Soil 


Number of 
specimens 


Mean 


Standard 
error a^^ 


Number of 
specimens 


Mean 

X2 


Standard 
error cxi 


difterencc due 
to chance 


4 . ... 


6 
6 
6 
6 
6 

6 
6 

8 
8 
8 


oz/ff^ 
6.6 
6.6 
7.5 
3.2 
3.6 

3.7 
16. 8 
30.5 

6.9 
50.9 


ozlff.^ 
0.19 
.44 
.41 
.14 
.14 

.25 
1.9 
2.3 
1.0 
9.0 


4 
4 
4 
4 
4 

4 
4 
8 
8 
8 


ozjft^ 
15.1 
10.5 
21.2 
3.5 
4.1 

4.8 
17.7 
40. 5 

5.9 
58.0 


oz/ft^ 
2.7 
3.3 
3.3 
.06 
.11 

.59 
1.8 
6.8 
1.1 
5.8 


oz/ff^ 

-8.5 

-3.9 

-13.7 

-.3 

-.5 

-1.1 
-.9 
-10.0 
+1.0 
-7.1 


ozlft^ 

2.7 

3.4 

3.4 

.14 

.18 

.64 
2.6 
7.2 
1.5 
10.7 


3.1 
1.2 
4.0 
2.1 

2.8 

1.7 
.3 

1.4 
.6 
.7 


Percent 

<2 


5 ... 


28 


8 . --. 


<1 


25 


5 


26 


<2 


32 ... 


14 


43 


70 


56 a --- 


18 


62 a 


55 


64 a 


50 







a Exposure 14 years. 

using several soil samples collected at the test sites 
of the National Bureau of wStandards and known to 
cover the range of corrosivity. The location of thv 
test sites and some of the soil properties are given in 
table 1, along with other soils to be discussed later. 
The results of the laboratory tests are given in 
table 2. In all of the soils, with the exception of soil 5, 
the steel electrodes were more resistant to corrosion 
than were the cast-iron electrodes. The significance 
of the difference indicated in the table is based on 
the standard t-test [8]. It will be noted that the 
better corrosion resistance exhibited by cast iron 
over steel in soil 5 may be attributed to chance. 

3.2. Comparison of Laboratory and Field Data 

A comparison of laboi-atory and field data per- 
taining to the corrosion of steel and cast iron is 
reasonable if the laboratory soil samples are repre- 
sentative of the soil in the trenches from which the 
field specimens were removed. The field data are 
shown in table 3. For all of the soils, except 56, 
62, and 64, the data are l)ased on weight losses 
reported by Logan [7] occurring on pipe specimens 



of Bessemer steel and on cast-iron pipe consisting 
of 2 de Lavaud specimens, 1 northern pit cast iron, 
and 1 southern pit cast-iron specimen. Data in 
table 3 pertaining to soils 56, 62, and 64, were 
reported by Denison and Romanoff [6]. 

In all soils (table 3) except soil 62, the steel speci- 
mens lost less weight than did the cast-iron speci- 
mens. The statistical sign.ificance of the difference 
in weight loss, as in the case of the laboratory com- 
parison, is based on the ^-test and, except in soils 62, 
43, and 64, shows substantially the same results. 
For soils 43 and 62 the laboratory and field com- 
parisons of the corrosion of steel and cast iron are 
inconclusive; and in the case of soil ()4, the field data 
are so variable that any significant difference be- 
tween the steel and cast iron is obscured. In soil 
64, the standard errors applying to the laboratory 
data (table 2) are relatively small. Therefore, the 
laboratory results in soil 64 are to be taken as being 
the more significant. 

The preponderance of negative values in column 
8 of table 3 is not to be considered as indicating the 
relative behavior of the materials in soils generally. 
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4. Measurement of Soil Corrosivity 

4.1. Correlation Between Laboratory and Field 
Weight Losses 

In order to further evaluate the laboratory corro- 
sion test as a measure of the relative corrosiveness of 
soils toward commonly used ferrous materials, the 
mean weight losses of steel electrodes after exposure 
for 6 months to the soils shown in table 1 were 
correlated with the average weight losses of other 
specimens exposed to the test sites for 10 years. 
The specimens at each test site totaled 8 in number 
and consisted of 2 of each of the following materials: 
Low-carbon steel, hand-puddled wrought iron, me- 
chanically puddled wrought iron, and open-hearth 
iron. 

In developing the laboratory test, the National 
Bureau of Standards was fortunate in having the 
cooperation of the Waterways Experiment Station, 
Corps of Engineers, U. S. Army. That laboratory 
followed the same procedure in measuring the corro- 
siveness of soils as described in section 2. The soil 
samples tested by the Waterways Experiment 
Station included 9 of the 10 soils studied by the 
National Bureau of Standards and in addition 5 
soils removed from other National Bureau of Stand- 
ards test sites. The 9 soils tested by both labora- 
tories were not taken from the same samples but 
were removed from different parts of the trench at 
the 9 sites. Both laboratories used steel cell elec- 
trodes of the same chemical composition and dimen- 
sions. The composition and dimensions are given in 
table 2. The data obtained by both laboratories 
and the National Bureau of Standards field data are 
tabulated in table 4. Correlation between the 
laboratory and field weight losses is based on the 
text of Croxton and Cowden [8]. The coefficient of 
correlation between the National Bureau of Stand- 
ards laboratory and field data is 0.84. The coeffi- 
cient between the Waterways Experiment Station 

Table 4. Correlation between combined laboratory and 
National Bureau of Standards field data 



Soil 


Weight loss of steel elec- 
trodes after 6 months of 
laboratory exposure 


Weight loss of 
wrought ferrous 
specimens after 
10 years of field 
exposure 


Maximum pit 

depth on wrought 

ferrous specimens 

after 10 years of 

field exposure 




National 
Bureau 
of Stand- 
ards 


Water- 
ways 
Exp. 
tion 


Average 
w 


Actual 


Calcu- 
lated 


Actual 


Calcu- 
lated 
Pio 


4 


ozifi 2 

0.61 

1.97 

.89 


oz/ft^ 
0.91 
1.41 

----- 

.86 

.48 
.56 
.32 
2.18 
.43 

3.23 
1.69 
.91 
1.49 
1.03 


OZ/fO 

0.76 
1.69 

.89 
1.27 

.53 

.52 
.46 
.32 
1.77 
.43 

2.70 

1.69 

.98 

a 2. 53 

1.03 


02/// 2 

6.4 
6.4 
5.5 
7.0 
2.6 

2.5 
. 3.1 
6.1 
12.6 
3.2 

21.2 
7.1 
6.2 
30.0 
11.9 


ozlffi 
5.3 

a 13. 2 
6.4 
9.7 
3.4 

3.3 

2.8 
1.6 
13.9 
2.5 

21.7 
13.2 

7.2 
20.3 

7.6 


Mils 

75 
50 
79 
63 
49 

59 
55 
64 
112 
75 

132 
72 
78 
145 
100 


Mils 
63 


5 


a 104 


8 


69 


15 


86 


25- 


.20 

.56 
.37 


53 


26 


53 


32 _ - - 


50 


41 


44 


43 


1.36 


108 


55 


49 


56 


2.17 


148 


61 


104 


62 


1.05 
2.53 


73 


64 


141 


65 


75 









» See text, section 4. 



data and the National Bureau of Standards field 
data is 0.6, but by eliminating soil 64 the coefficient 
becomes 0.87. 

Because the soils listed in table 4 cover the range of 
corrosivity of soils peculiar to the United States, the 
data of both laboratories are used to set up the equa- 
tion of best fit [9], presumably a linear relationship, 
between the laboratory and field weight losses, which 
it is again presumed will be applicable to any soil, 
whatever its degree of corrosivity. The standard 
errors associated with the weight losses were about 
the same for both laboratories except for the Water- 
ways Experiment Station data pertaining to soil 64, 
in which the standard error was considerably larger 
than for all other data. As the inclusion of soil 
64 adversely affected the correlation between the 
Waterways Experiment Station data and the field 
data, the Waterways Experiment Station data per- 
taining to this soil are omitted. Thus, by averaging 
the weight losses in each of 8 soils (4, 5, 25, 26, 32, 43, 
56, 62, table 4) tested by the two laboratories and 
using the individual laboratory weight losses in the 
7 other soils (8, 15, 41, 55, 61, 64, 65, table 4), the 
correlation between the combined laboratory weight 
losses and the National Bureau of Standards weight 
losses in the field results in a correlation coefficient of 
0.83. All correlation coefficients were corrected for 
size of sample. Based on the correlation coefficient 
of 0.83, the equation relating the laboratory and 
field data is 

1^^10=8.45^-1.1, (1) 

where l^io is the anticipated weight loss on the 
commonly used ferrous specimens after 10 years of 
field exposure, expressed in ounces per square foot. 
w is the mean combined weight loss in 6 months of 
the anode and cathode of corrosion cells, expressed in 
ounces per square foot. The standard error of esti- 
mate associated with this relationship is ±4.1 oz/ft^. 
The calculated w^eiglit losses on the National 
Bureau of Standards specimens based on eq (1) are 
tabulated in table 4, along with the actual weight 
losses. Relatively large discrepancies appear be- 
tween the actual and calculated values in soils 5, 
41, and 61. In the case of soils 41 and 61, the 
discrepancies might be attributed to the laboratory 
test. Soil 5, however, is fine in texture, very dense, 
and poorly aerated, and also possesses other charac- 
teristics which Denison and Ewing [10] associated i 
with very corrosive soils. Also, a reference to some | 
early information published by Logan, Ewing, and 
Yeomans [11] revealed that iron pipe removed from i 
soil 5 was severely corroded. Probably the conditions ' 
within the trench from which the field specimens 
were removed were not typical of the general soil 
structure. Therefore, for soil 5 at least, the labora- 
tory data are considered a better index of the 
potential soil corrosivity than are the field data. ^ 

4.2. Correlation Between Weight Loss and 
Maximum Penetration 

The value of a laboratory corrosion test would be 
immeasurably increased if it could be used to 
predict the maximum depth of pitting under normal 
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field exposure. Laboratory weight losses might be 
interpreted in terms of pit<h»pths if it eouhl be shown 
that a correlation existed between w(M<z:ht loss and 
maximum penetration on ferrous specimens after 
field exposure. To test this possibility, 2 specimens 
of each of 4 commonly uschI wrought ferrous nnite- 
rials, previously described, (wposed for 10 years at 
58 National Bureau of Standards test sites were 
chosen. Following the statistical procedure already 
referred to, the average depths ^ of the deepest pits 
on these specimens were correlated with the average 
weight losses. The coefficient of correlation was 
calculated to be 0.79. The equation, based on this 
correlation, relating weight losses and pit depths for 
the 58 soils after 10 years of exposure is 



Pio=5.2 W^o + 36, 



(2) 



where Fio is the nniximum pit depth in mils on an 
area of 0.4 ft,^ and Ww is the w^eight loss (\xpressed 
in ounces p(M- square* foot. The standard error of 
estimate pertaining to /^o in this ec^uation is ±18 
mils. Because of the number and vai-iety of soils 
included in the derivation of eq (2), the relationship 
might be considered as being generally applicable 
to wrought ferrous materials exposed to any soil. 
Additional evidence of some correlation between 
weight loss and pitting on wrought and also cast 
ferrous specimens is indicated by the studies of 
Denison and Rouianofr [()]. 

By combining i'([ (1) and (2), the maxiiuiim antici- 
pated pit depth at 10 years is related to the labora- 
tory weight loss for 6 months l)y the relation 



Pio=4:3.9w+30, 



(3) 



where Pio is expressed in mils at 10 years on an ex- 
posed area of 0.4 ft^ and w is as expressed for eq (1). 
Included in table 4 are the actual maximum pit- 
depths measured on the field specimens and also the 
calculated values based on eq (3). The lack of i-ea- 
sonably good agreement in soil 5 is to be expected 
because of the facts previously pointed out concern- 
ing this soil. 

5. Adjustment for Time and Exposed Area 

It has been shown that by means of the laboratory 
corrosion test a resonable estimate can be made of 
the weight loss and the average depth of the deepest 
pit that will occur on iron and steel specimens ex- 
posed in the field for 10 years. Obviously, the prac- 
tical value of the test would be enhanced if it were 
possible to predict similai' information as applied to 
larger exposed areas and i)eiiods of exposure other 
than 10 years. 

Martin [12] has shown that the relation between 
the weight loss of iron and steel in soils and the dura- 
tion of exposure may be expressed by the empirical 
equation 



2 The average of the deepest pits on 8 specimens is also referred to as the niaxi- 
mum pit depth. 



where W is the weight loss at any tinu* T, k^ is the 
weight loss on a unit area for a unit time, and u is 
a constant peculiar to the soil. 

Simihu-Iy, Logan, Kwing, and Denison [4] have 
shown that the average depth of the dec^pest ])its on 
iron and stcH'l nniy be exprc^ssed by tlie empirical 
equation 

P=kT^A% 

where P is the average depth of the deepest pits at 
any time T on the exposed area A, and k is the 
average value of the depth of the deepest pits on 
specimens of unit area for a unit time. The ex- 
ponents n and a are constants, n depending on the 
aeration and drainage of the soil, and a being rela- 
tively fixed in all soils. 

For a practical application of these equations to 
any soil, appropriate values must be selected for the 
exponents. Logan, Ewing, and Denison tabulated 
values for exponent a based on exposui'e tests of 
wrought fc^rrous specimens in 47 soils. They con- 
cluded that the value of a could not be characterized 
by any particular soil property. As the values re- 
ported did not, vaiy over too wide a range, the writer 
believes that some average value would be appro- 
priate for all soils. By eliminating all soils in which 
the associated standard errors tabidated for a ex- 
ceeded 20 percent, the values of a for the remaining 
31 soils ranged between 0.082 and 0.241, averaging 
0.15, with a standard error of 0.019. 

Logan, Ewing, and Decision divided the 47 soils 
uito 4 groups ])ased on aeration and drainage and 
calculated the average^, value of the (\\j)()n(^nt n for 
each group. These* values of n and the associated 
standard errors are shown in table 5. Average val- 
ues for u and standard errors based on 14-year ex- 
posure tests of wrought ferrous materials by Denison 
and Romanoff [6] are included in the same table. 
It will be observed that the values of both n and u 
bear an inverse relation to the degree of soil aeration. 

Table 5. Average values of the time exponents n and u for 
soil groups differing in aeration 



Group I, Good aeration 


n » 


<T H 


u » 


a u 


0.19 


0.03 


0.23 


0.10 


Group II, Fair aeration 


0. 86 


0.03 


0. 42 0. 12 


Group III, I»oor aeration 


0.47 


0.04 


0. 74 0. 14 


Group IV, Very poor aeration 


0.68 


0. 10 


0.77 


0.09 



a Values for n and the associated standard errois an are the mean values re- 
ported by K. H. Logan, S. P. Ewing, and I. A. Denison, Symposium on corrosion 
testing procedures, ASTM (Phila. Pa., 1937). Values for u and the associated 
standard errors <tu are average values taken from I. A. Denison and Melvm 
Romanoff, J. Research NBS 44, 47 (1950) RP2057. 
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Table 6. Time exponents n and u associated with soils of different properties 


Soil group - - ._ - - 


I 


II 


Ill 


IV 




Values, 71 or u 


0.19 


0.35 


0.47 

Poor 

Clay loams, clay 

6 to 8 


0.68. 

Very poor. 

Clays and organic soils, in- 
cluding tidal marshes. 

6 to 8. 

Mottled— bluish gray. 

At the surface. 


Aeration and drainage 

Soil texture 


Good 

Sands and sandy loams, light- 
textured silt loams, porous 
loans, clay loams. 

None 


Fair 

Sandy loams, silt loams, clay 
loams. 

18 to 24 


Depth of mottling in inches. 
Color of subsoil 

Height of water table 


Uniform 

Very low 


Slightly mottled— yellowish 

brown and yellowish gray. 
Low _ -._ _ _ ._ 


Moderately mottled — gray 

and bluish gray. 
2 to 3 ft below the surface 





Also, if the values for n and u are compared, giving 
consideration to the standard errors, the mean values 
for n and u overlap, except for group III. Because 
the values for u are based on relatively few soils as 
compared with the values showQ for n, the later are 
taken to be the more significant. For this reason, 
because of what has already been shown concerning 
the correlation between weight loss and maximum 
penetration, the writer believes that the values for n 
shown in table 5 can be applied to T in both the 
weight loss and pit-depth equations. Accordingly, 
this is proposed in table 6, together with the dis- 
tingushing soil properties pertaining to the four 
groups. 

Having obtained from the laboratory test a value 
for the average depth of the deepest pit at 10 years, 
Pio on 0.4 ft^ (eq 3), the value of pitting for a time 
(T) other than 10 years and for an area {A) greater 
than 0.4 ft^ is calculated from the equation 



^-<l^'i£1 



(4) 



It has been pointed out by Logan, Ewing, and 
Denison that the values substituted for T and A 
cannot be chosen indiscriminately. This is particu- 
larly true when substituting for A, because Pio 
applies to 0.4 ft^. A reasonable extrapolation based 
on soils 55 and 56 (table 4) might be considered. 
Assuming an area {A) of 20 ft^ (approx. 20 ft of 
3K-in. steel pipe) and an underground-exposure 
period (T) of 40 years, the maximum predicted pit 
depths calculated from eq (4) would be 112 mils, and 
660 mils for soils 55 and 56, respectively. In these 
calculations, values of 7^ = 0.19 and ?i = 0.68 were 
chosen for soils 55 and 56, respectively, the values 
being selected from table 6 on the basis of the soil 
properties found in table 1. Thus, in the case of 
soil 55 the increase in pit depth after 10 years is due 
chiefly to the increased area, whereas the deeper pits 
resulting from soil 56 are attributable mainly to the 
effect of time. 

Weight losses at 10 years, based on the laboratory 
test (eq 1), can be similarly adjusted and values of 
weight loss {W) predicted for periods (T) other than 
10 years. The weight loss becomes 



W= 



=M^y 



(5) 



where u is selected from table 6, based on the soil 
properties. The effect of area on weight loss is 



assumed to be linear. This equation is particularly 
useful in calculating the average penetration by 
conversion. Thus the average penetration in mils 
becomes 

P=1.53 W, (6) 

where W is the weight loss in ounces per square foot 
(eq (5)). The predicted average penetration on a 
steel surface exposed to soils 55 and 56 (table 4) for 
40 years would be 5 mils and 81 mils, respectively. 
Such information is useful where loss of strength is 
the primary consideration. 

6. Summary 

A modification of the Denison soil-corrosion cell is 
described. The cells were assembled in quadruplet 
with both steel and cast-iron electrodes exposed to 
10 soils of varying degrees of corrosivity. Because 
the corrosion rate of ferrous metals in soils is a 
function of time all measurements are based on the 
weight loss of the electrodes after 6 months of 
exposure. 

In 9 of the soils, the steel electrodes lost less weight 
than the cast-iron electrodes. Statistically ex- 
pressed, the difference in weight loss in 5 of these 
soils being due to chance was less than 1 percent 
and in 2 other soils less than 4 percent. The 
laboratory results compare favorably with 12-year 
field exposure tests. 

Good correlation was also obtained between the 
weight losses of the corrosion cells and the weight 
losses occurring in the field on other wrought ferrous 
specimens exposed for 10 years to the same soils. 
Based on 10-year field exposure of wrought materials 
at 58 test sites throughout the United States, a fair 
correlation was found to exist between weight loss 
and maximum penetration. By making use of the 
latter correlation, it is shown how laboratory weight 
losses can be used to predict probable maximum 
pit depths on ferrous materials upon field exposure 
after 10 years. 

By utilizing equations relating weight loss of 
ferrous field specimens to time of exposure, and the 
average depth of the maximum pits on the specimens ^ 
to time and to exposed area, values of weight loss and 
pitting at the end of 10 years predicted by the 
laboratory test may be extrapolated to any desired 
area and period of exposure within reasonable limits. 
Suggested values of the exponents required for 
adjustment of the data are given. 
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8. Appendix 
8.1. Preparation of tlie Corrosion Cell 

The apparatus for moistening and adjusting the water 
content of the soil samples is shown diagramatically in figure 
3. Because 4 cells are desirable for testing a soil, the apparatus 
provides for simultaneously moistening the soil contained in 
8 Lucite cylinders. Distilled water absorbed from the water 
dispenser, 12, resting on the upper surface of the soil, 9, is 
distributed uniformly throughout the soil by a pressure 
difference of 30 cm of Hg. Suction is applied to 500-ml 
suction flasks, 3, through fritted-disk Buechner funnels, 1, 
(150 ml, fine) to the soil contained in the Lucite cylinders, 7. 
Paraffin, 8, serves to confine the suction to the soil. The 
battery of eight suction flasks are connected to the suction 

j apparatus with rubber tubing and glass fittings. The vacuum 
in the line is controlled Iw valve, 5, and to each flask by 

! valve, 4. 

Details of a water dispenser, 12, are shown under detail C, 

I figure 3. The reservoir, A, is cut from Lucite tubing of 

' 1.75-in. OD and 0.125-in. wall thickness. The bottom edge, 
B, is tapered or rounded so that it will fit readily into the 
cylinder containing the soil. The dis])enser is assembled as 
follows: With the reservoir placed on a flat surface in the 



DETAIL C 




Suction Take-Offs For 
The Other Seven Flasks, 3 



Fig uhe 3. Cross-sectional vieiv of the soil-nioisteniu (j apparatus. 

])osition shown, asbestos |)a])er, C, 0.125 in. lliick cut into 
the form of a disk slightly larger than the inside diameter of 
the tubing, is pressed from the top to the bottom and sealed 
with molten beeswax, 1). A saucer shaped stainless steel 
screen (16 mesh), E, held in place by friction and beeswax, 
serves to keep the weight of the glass beads, F, off of the 
asbestos. The beads (6-mm solid glass) added to within 
Yi in. from the top of the dispenser furnish weight to insure 
good contact for absori)tion of water by the soil. A second 
screen, G, identical with screen, K, is })ressecl over tlu; glass 
beads to prevent their loss. 

The cell electrodes (fig. 1) are prepared for the corrosion 
tests in the following manner: The electrodes are degreased 
and all burrs removed with 10 French emery cloth. After 
being weighed, the electrodes are fitted with 0.5 in. X 2-56 
steel fillister head machine screws and stranded copper wire 
(RC No. 18) leads, approximately 8 in. long, are soldered 
under the heads. The edges and unfinished surfaces of the 
anodes are given a heavy coat of l)ituminous i)aint. The edges 
and unfinished sides of the cathodes, excluding the cylindrical 
surface of the holes, are similarly treated. The machine 
screws and soldered connections are also coated to prevent 
corrosion and to facilitate removal of the screws at the 
conclusion of the test. 

In setthig up the corrosion cells eight Buechner funnels, 1, 
are fitted with rubber stoppers, 2, and positioncHl as shown in 
figure 3. Two sheets of filter paper (Xo. 42 — 5.5-cm diam), 
6, are placed in each funnel to prevent direct contact between 
the soil and tlu^ fritted glass. The screw lioles in the Lucite 
cylinders, 7, are filled with saturated soil and a cylinder is 
centered in each funnel. Paraffin is heated just to the melting 
point and a sufficient amount applied with a dropper to the 
space around each of the cylinders to adhere to both the 
funnel and the cylinder. Dry soil previously passed through 
a No. 20 standard sieve is poured into each cylinder approxi- 
mately to the upper edge of the ridge and compacted by 
placing a cylindrically shaped brass weight 1.75 in. in diameter 
and 2.25 in. long on the surface of the soil. Disks of stainless- 
steel wire mesh, 10, are then placed on the ridges of 4 of the 8 
cylinders, and the process of filling the cylinders and com- 
pacting the soil is resumed until all of the cylinders are filled. 
As excessive swelling usually accompanies the moistening of 
heavy clay soils, allowance for this may be made by filling the 
cylinders just short of capacity. 

After the asbestos of the water dispensers is saturated with 
distilled water, 15 ml of water are poured into each of the 
reservoirs and the dispensers then positioned on the surfaces 
of the soil samples but separated therefrom by a sheet of 
filter paper, 11, cut to conform to the inside diameter of the 
cylinder. Vacuum equivalent to 30 cm of Hg is then applied 
for periods ranging from 1 to 8 hr, depending on the soil 
texture. Sufficient moistening of the soil is indicated by water 
dripping from the funnels, sweating underneath the fritted 
glass, or by the appearance of the soil. The valve, 4, to the 
particular cell is then closed and the water dispensers removed. 
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Usually, all sections are sufficiently wet within 20 percent of 
the average wetting time peculiar to the soil. If it is neces- 
sary to delay assembly of the cell, evaporation of water can 
be prevented by covering the soil with a pad of cheesecloth 
saturated with water and the funnel with an inverted crys- 
tallizing dish. 

The cell components are assembled in the following manner: 
The adhesion between tiie paraffin around the Lucite cylin- 
ders and the funnels is broken with a spatula, and the four 
funnels containing the cylinders fitted with the screen disks 
D, are removed. The four funnels are inverted, and the cell 
sections are dropped into the palm of the hand. Ihe four 
cylinders, paper-capped ends down, are placed on a flat sur- 
face, and the soil on the upper surface of the cylinders is 
slicked over with a spatula occasionally dipped into distilled 
water until all evidence of porosity has disappeared. The 
unpainted surfaces of four anodes (A, fig. 1) are lightly 
scratched with IG French emery cloth ana cleaned with dis- 
tilled water. The anode is again moistened with distilled 
water, the screw alined with the notch in the Lucite cylinder, 
and with an oscillatory motion combined w ith some pressure, 
the anode is placed in good contact with the soil. Excess 
soil is then removed, the components wiped dry, and the junc- 
tion of the anode and the c.y Under sealed with molten asphalt. 
The paraffin seal around the Lucite is loosened with a spat- 



ula, and the cylmders are turned over so as to rest on the 
anodes, after which the filter paper and adhering paraffin are 
lifted off m preparation for the positioning of the cathodes. 

The cathodes (B, fig, 1) are prepared in the manner de- 
scribed for the anodes ana positioned over the soil in the ends 
of these four inverted cylinders, previously described, with 
the uncoated surfaces facing the anodes. The cathode per- 
forations are then filled with dry soil. The four remaining 
soil cylinders are removed from the funnels and positioned 
over the cathodes so that the edges from which the paraffin 
was removed are adjacent to the cathodes. The screen disk^ 
E, is positioned, and the components are joined with molten 
asphalt, as shown in figure 1. The rubber stopper, H, is then 
placed in position and held firmly against the anode by a No. 
32 rubber band, G, wrapped once around the stopper and the 
cell. Each cell is placed on nonconducting supports in a 1- 
quart friction-top can containing about 25 ml of water to 
maintain a saturated atmosphere. The water level is main- 
tained throughout the period of the test. Leads from the 
cell are passed through holes in the side of the can and the 
electrodes short-circuited by a Fahnestock clip soldered to 
one of the wires. 



Washington, March 6, 1953. 



336 



